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ABSTRACT Clostridium perfringens type B and D strains cause enterotoxemias and enteritis in livestock after proliferating in the
intestinesandproducingepsilon-toxin(ETX),alpha-toxin(CPA),and,usually,perfringolysinO(PFO).AlthoughETXisoneof
themostpotentbacterialtoxins,theregulationofETXproductionbytypeBorDstrainsremainspoorlyunderstood.Thepres-
entworkdeterminedthatthetypeDstrainCN3718upregulatesproductionofETXuponclosecontactwithenterocyte-like
Caco-2cells.Thishostcell-inducedupregulationofETXexpressionwasmediatedatthetranscriptionallevel.Usinganisogenic
agrBnullmutantandcomplementedstrain,the agroperonwasshowntoberequiredwhenCN3718producesETXinbrothcul-
tureor,viaasecretedsignalconsistentwithaquorum-sensing(QS)effect,upregulatesETXproductionuponcontactwithhost
cells.TheseﬁndingsprovidetheﬁrstinsightsintotheregulationofETXproduction,aswellasadditionalevidencethattheAgr-
like QS system functions as a global regulator of C. perfringens toxin production. Since it was proposed previously that the Agr-
like QS system regulates C. perfringens gene expression via the VirS/VirR two-component regulatory system, an isogenic virR
nullmutantofCN3718wasconstructedtoevaluatetheimportanceofVirS/VirRforCN3718toxinproduction.Thismutation
affected production of CPA and PFO, but not ETX, by CN3718. These results provide the ﬁrst indication that C. perfringens
toxinexpressionregulationbytheAgr-likequorum-sensingsystemmaynotalwaysactviatheVirS/VirRtwo-componentsys-
tem.
IMPORTANCE Mechanisms by which Clostridium perfringens type B and D strains regulate production of epsilon-toxin (ETX), a
CDC class B select toxin, are poorly understood. Production of several other toxins expressed by C. perfringens is wholly or par-
tiallyregulatedbyboththeAgr-likequorum-sensing(QS)systemandtheVirS/VirRtwo-componentregulatorysystem,sothe
presentstudytestedwhetherETXexpressionbytypeDstrainCN3718alsorequirestheseregulatorysystems.The agroperon
wasshowntobeessentialforsignalingCN3718toproduceETXinbrothcultureortoupregulateETXproductionuponclose
contactwithenterocyte-likeCaco-2cells,whichmayhavepathogenicrelevancesinceETXisproducedintestinally.However,
ETXproductionremainedatwild-typelevelsafterinactivationoftheVirS/VirRsysteminCN3718.Theseﬁndingsprovidethe
ﬁrst information regarding regulation of ETX production and suggest Agr-like QS toxin production regulation in C. perfringens
doesnotalwaysrequiretheVirS/VirRsystem.
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T
he Gram-positive, spore-forming, anaerobic bacterium Clos-
tridium perfringens is an important pathogen of humans and
livestock, causing clostridial myonecrosis and numerous diseases
originating in the intestines (1, 2). C. perfringens virulence is
largely dependent upon proliﬁc toxin production, with this bac-
teriumcapableofproducingatleast17differenttoxins.However,
only portions of this toxin arsenal are produced by individual
strains, which allows for a toxinotyping classiﬁcation (A to E)
system based upon the production of alpha-toxin (CPA), beta-
toxin, epsilon-toxin (ETX), and iota-toxin (1, 2).
By deﬁnition, C. perfringens type D strains must produce
alpha-toxin (CPA) and epsilon-toxin (ETX). Some type D strains
also produce additional toxins, such as perfringolysin O (PFO),
thatarenotusedfortoxintyping(3).C.perfringenstypeDisolates
cause often fatal enterotoxemias in several livestock species, as
well as acute or chronic enteritis in goats (1, 4). During type D
enterotoxemias, toxins are produced in the intestines and then
absorbed through the intestinal mucosa into the circulation,
where they spread to other internal organs (1). This enterotox-
emia then causes edema in several organs, notably the brain, kid-
neys, lungs, and liver.
AnimportantfeatureofC.perfringenspathogenicityisthecor-
relation between different toxin types and pathologies, strongly
suggesting that particular toxins are important for certain dis-
eases. ETX, an ~30-kDa pore-forming protein, is considered a
majorvirulencefactorofbothtypeBandDstrains(3,5).Ranking
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tetanustoxins,ETXislistedasaclassBCDCselecttoxin.Epsilon-
toxin is normally produced as an inactive ~33-kDa prototoxin,
but after proteolytic hydrolysis by intestinal proteases (such as
trypsin and chymotrypsin) or lambda-toxin produced by C. per-
fringens,thisprototoxinisconvertedintoafullyactivetoxin(6,7).
Intensive studies over the past 20 years have provided an un-
derstandingofthestructure,modeofaction,andgeneticsofmany
C. perfringens toxins (8, 9). However, detailed information about
the regulation of expression for several C. perfringens toxins re-
mains rudimentary, at best. In particular, little or no information
isavailableregardingtheregulationoftoxinproductionbyC.per-
fringens type D strains.
Acommontraitofbacteriaistheiradaptiveabilitytoenviron-
mentalchanges.Quorumsensing(QS)isusedbymanybacteriato
controlgeneexpressioninacelldensity-dependentmannerthatis
often inﬂuenced by environmental ﬂuctuations (10, 11). QS sys-
tems typically utilize extracellular signaling molecules named au-
toinducers; in Gram-positive bacteria, these QS autoinducers are
usually secreted peptides processed from larger propeptides (12).
The Agr QS system has been found exclusively amongst certain
Gram-positivebacteria(12–15)butisbeststudiedinStaphylococ-
cus aureus (12), where the signaling molecule is referred to as
autoinducing peptide (AIP). AIP is encoded by the agrD gene,
while the S. aureus agr operon also encodes the AgrB protease,
whichisrequiredformodiﬁcationoftheAgrDpropeptidetoma-
ture AIP. Once AIP reaches a threshold level, it activates the AgrC
sensorhistidinekinase.TheactivatedAgrCsensorthenphosphor-
ylates AgrA, a transcriptional regulator, which increases the tran-
scription of a regulatory RNA named RNAIII. Increased levels of
RNAIII then modulate the expression of various S. aureus viru-
lence genes.
Recently, evidence was reported for an Agr-like quorum sens-
ing system in C. perfringens (13, 14). Interestingly, while the agrB
and agrD genes are present, no agrA or agrC orthologs have been
identiﬁed in this bacterium. The agr locus, apparently acting via
anAgr-likeQSsystem,wasrecentlyimplicatedinpositivecontrol
of PFO and CPA production by C. perfringens type A strains (13,
14) and was also shown to inﬂuence sporulation and the produc-
tionofbeta2-toxinandenterotoxinbyC.perfringenstypeAstrain
F5603, a non-food-borne human gastrointestinal disease isolate
(16).
The apparent absence of agrA and agrC genes from the C. per-
fringensgenomesuggeststhatthisbacteriumusessomeothertwo-
component regulatory system to mediate Agr-like QS effects.
Consequently, it was proposed that the C. perfringens Agr-like QS
system interacts with the VirS/VirR two-component system (13),
which is comprised of the VirS membrane sensor histidine kinase
and the VirR response regulator (17–19). Consistent with this
hypothesis,boththeAgr-likeQSsystemandVirS/VirRsystemare
knowntopositivelyregulateseveraltoxinsproducedbyC.perfrin-
genstypeA,includingCPA,beta2-toxin,andPFO(13,14,16–18).
Since little is known about the regulation of ETX production,
the present study investigated whether toxin, particularly ETX,
productionbyC.perfringenstypeDisolateCN3718isregulatedby
theAgr-likeQSsystem,theVirS/VirRtwo-componentregulatory
system, or both systems. These studies revealed that ETX produc-
tion in this strain requires the agr operon acting via a diffusible
signaling molecule, a result consistent with QS regulation. How-
ever, while the VirR/VirS two-component system regulated pro-
duction levels of PFO and CPA production by CN3718, its inac-
tivation surprisingly had no effect on ETX production by this
strain. In addition, the Agr-like QS system was shown to upregu-
late ETX production when CN3718 contacts Caco-2 cells. This
rapid host cell-induced stimulation of ETX production had cyto-
toxicconsequencesforhostMDCKcells,suggestingpotentialdis-
ease relevance.
RESULTS
Analysis of the agr locus in CN3718. The present study ﬁrst ex-
aminedwhethertypeDstrainCN3718carriesanagrlocussimilar
tothatpresentintypeAstrain13(13,14).PCRusingprimersthat
amplifythe~2.9-kbstrain13agrlocusalsoproducedasimilarsize
product using CN3718 DNA (data not shown). When this
CN3718 PCR product was sequenced, it revealed the presence of
anagrlocuswith99%identity,atthenucleotidelevel,tothestrain
13 agr locus. When translated, this sequence indicated that the
CN3718 agr locus encodes CPE1562 and CPE1563 hypothetical
proteins and an AgrB protein that are each 99% identical to the
corresponding proteins encoded by the strain 13 agr locus. In
addition,thepredictedaminoacidsequenceoftheAgrDproteins
encoded by strains 13 and CN3718 were 100% identical at the
amino acid level.
Construction and genotypic characterization of a CN3718
agrBnullmutant.Toevaluatewhethertheagroperonisnecessary
fortoxinregulationinCN3718,theagrBgeneofthisC.perfringens
type D strain was inactivated by using a Clostridium-modiﬁed
targetron vector (20) that inserted, in the sense orientation, a
groupIIintron(~900bp)betweennucleotides566and567inthe
agrB gene. Conﬁrmation of this agrB mutant, named CN3718::
agrB, was ﬁrst shown by PCR using primers speciﬁc for internal
agrB sequences (Fig. 1A). In wild-type CN3718, these internal
PCR primers speciﬁcally ampliﬁed a PCR product of ~650 bp.
However,consistentwiththeinsertionofthe~900-bpintroninto
agrB, the same primers ampliﬁed a PCR product of ~1.6 kb from
theputativeagrBmutant.Southernblotanalysesusinganintron-
speciﬁc probe then demonstrated the presence of only a single
introninsertioninCN3718::agrB(Fig.1B).Asexpected,nointron
signal was detected using DNA from the wild-type isolate in this
Southern blot procedure (Fig. 1B). To complement the CN3718
agrBmutant,anagrBoperon-carryingplasmidnamedp3(14)was
transformed into the CN3718::agrB mutant by electroporation.
PCR demonstrated the presence of the wild-type agrB gene in the
complemented strain, which was named CN3718::agrB(p3)
(Fig. 1A).
ToevaluatewhetherAgrBexpressionwassilencedintheputa-
tive agrB null mutant, a reverse transcription-PCR (RT-PCR) as-
say was performed since no anti-AgrB antibody was available.
Wild-type CN3718 and the complemented strain were both able
to express agrB transcripts. However, no agrB transcription was
detectable for the agrB null mutant (Fig. 1C).
TheagroperonpositivelyregulatesinvitroETXproduction
by CN3718. To evaluate whether the agr operon, which encodes
theagrBgene,isinvolvedinregulatingETXproductionduringin
vitro growth of CN3718 in TGY broth (tryptic soy broth, glucose,
yeast extract, with thioglycolate), Western blotting and RT-PCR
analyseswereperformedwiththewild-typeparent,agrBnullmu-
tant, and CN3718::agrB(p3) complementing strain to compare
ETX expression at the protein and transcriptional levels, respec-
tively.WhenthesestrainsweregrowninTGYbrothfor4h(early-
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wild-typeCN3718,butnotbytheagrBmutant(Fig.2A).Thisloss
of ETX production by TGY cultures of the agrB mutant was re-
versiblebycomplementation.In8-h(late-log-phasegrowth)TGY
cultures, ETX production by the agrB mutant was reduced com-
pared to that of the strong ETX production noted for both the
wild-typeandCN3718::agrB(p3)complementedstrains(Fig.2A).
By quantitative analysis and statistical comparison, ETX produc-
tion by the wild type and agrB mutant showed a statistically sig-
niﬁcantdifferencewithboth4-hand8-hTGYcultures(P0.01)
(Fig. 2B).
RT-PCR studies then indicated that the reduced ETX produc-
tion by the agrB null mutant involves regulation at the transcrip-
tionallevel(Fig.2C).Inordertodeterminewhetherthedecreased
ETX production by the agrB mutant is simply due to impaired
bacterial growth, growth curve experiments were performed.
Measurement of culture optical density at 600 nm (OD600)a td i f -
ferent time periods revealed no differences in growth between the
wild-type parent, agrB mutant, and CN3718::agrB(p3) comple-
mented strain (Fig. 2D).
The agr operon also positively regulates in vitro CPA and
PFO production by CN3718. To evaluate the role of the agr
operon in regulating in vitro production of CPA and PFO by
CN3718, CPA activity was ﬁrst measured using egg yolk agar
plates(Fig.2E).Whengrownontheseplates,coloniesofthewild-
type and CN3718::agrB(p3) complemented strain were both sur-
roundedbyazoneofinsolublediacylglycerolprecipitation,which
is indicative of lecithin breakdown due to the phospholipase C
activity of CPA (21, 22). However, the CN3718::agrB mutant
failed to produce this characteristic precipitation zone around its
colonies, indicating that the agr operon can regulate CPA activity
by this type D strain.
Wild-type CN3718, CN3718::agrB, and CN3718::agrB(p3)
were also grown on sheep blood agar plates to begin evaluating
theirPFOactivity(Fig.2F).Coloniesofwild-typeCN3718andthe
complementedstrainweresurroundedbyadoublezoneofhemo-
lysis, including the inner zone of beta-hemolysis indicative of
C.perfringensPFOactivity(21,23,24).Incontrast,coloniesofthe
agrB null mutant were not closely surrounded by this inner beta-
hemolytic zone, suggesting their loss of PFO activity.
To speciﬁcally demonstrate that the agr operon positively reg-
ulates the CPA or PFO activity of CN3718, Western blots were
performed on the same supernatants used for detecting ETX pro-
duction in Fig. 2A. These Western blots (Fig. 2G and H) using
anti-CPA or anti-PFO speciﬁc antibodies showed that CPA and
PFO were produced by both wild-type CN3718 and the CN3718::
agrB(p3) complemented strain. However, CPA was absent and
PFO levels sharply decreased in the supernatants of the agrB null
mutant strain.
TheagroperonisnecessaryforupregulationofETXproduc-
tionwhenCN3718contactsCaco-2cells.Inpreviousstudies,we
reported that contact with enterocyte-like cells induces rapid up-
regulation of toxin production by C. perfringens type C isolates
(25). While type C isolates do not produce ETX, they resemble
type D strains by causing disease that originates in the intestines,
where their vegetative cells contact enterocytes (1). Therefore, we
asked whether ETX production might also be upregulated when
vegetative cells of the type D strain CN3718 contact enterocyte-
like Caco-2 cells.
When CN3718 or the CN3718::agrB(p3) complementing
strain was used to infect Caco-2 cell cultures under anaerobic
conditions,rapidETXproductionwasdetected(Fig.3A).Incon-
trast, only weak ETX production was observed when these strains
were similarly incubated in minimal essential Eagle’s medium
(MEM) (no Caco-2 cells present) under similar anaerobic condi-
tions. While the presence of Caco-2 cells caused wild-type
CN3718 to upregulate ETX production, production of this toxin
wasbarelydetectablewhentheisogenicagrBnullmutantwasused
to infect Caco-2 cultures under these conditions. This deﬁciency
was reversible by complementation, indicating that the Agr-like
quorum-sensing system is necessary for mediating the upregula-
FIG 1 Construction of a CN3718 agrB null mutant by intron-based inser-
tional mutagenesis.(A) PCR analyses using DNA from wild-type CN3718, the
agrB null mutant (CN3718::agrB), or the complemented strain [CN3718::
agrB(p3)].(B)Southernblothybridizationofwild-typeCN3718,theagrBnull
mutant, and the complemented strain. DNA from each strain was digested
withEcoRIandthenelectrophoresedona0.8%agarosegel.Aftertransferonto
a nylon membrane, the separated DNA was hybridized with a DIG-labeled
intron-speciﬁc probe. Sizes of DNA fragments in kilobases (kb) are shown to
theleft.(C)RT-PCRanalysesforagrBorpolCexpressionbythewildtype,agrB
mutant,andthecomplementedstrain.Samplepelletswerecollectedfrom3-h
TGYcultures.Asindicated,reversetranscriptase(RT)was()orwasnot()
added to the reaction tubes.
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enterocytes.
Anexperimentwasthenperformedtobeginexploringwhether
this Caco-2 cell-induced upregulation of
ETX production involves secreted factors
of Caco-2 cells or direct bacterial contact
with Caco-2 cells (Fig. 3B). When MEM
from 4-day-old Caco-2 cell cultures was
collected and coincubated with washed
CN3718 cells for 2 h under anaerobic
conditions, no ETX expression was de-
tected. Similar results were observed
when CN3718 was grown in only fresh
MEM.Incontrast,directcontactbetween
CN3718 and Caco-2 cells resulted in ETX
production, whether using fresh or
4-day-old MEM (Fig. 3B).
Results from two other experiments
further supported a need for direct con-
tact with Caco-2 cells to trigger upregula-
tionofETXproductionbyCN3718.First,
ETX production was not observed if the
bacteria and host cells were anaerobically
culturedinseparatechambersofaTrans-
well plate (data not shown). However,
ETX production was detected when both
CN3718 and Caco-2 cells were anaerobi-
cally cocultured in the same Transwell
chamber(datanotshown).Second,ﬁlter-
sterilized MEM supernatants that had
been removed from Caco-2 cells infected
with the CN3718 agrB mutant were un-
able to upregulate ETX production
(Fig. 3C).
The agr operon mediates control of
ETX production via a diffusible mole-
cule. No ETX production was observed
when either CN3718::agrB or a CN3718
etx null mutant (JIR4982) was incubated
alone in Transwells (Fig. 4). To address
whether agr operon regulation of ETX
production by CN3718 involves a se-
cretedsignalingmolecule,aswouldbeex-
pected if this was a QS effect, these two
strains were coincubated in the same
Transwell, but separated by a membrane
that is impermeable to bacteria yet allows
passage of small signaling molecules. Un-
der these conditions, ETX production by
the agrB mutant was readily detectable
when CN3718::agrB was inoculated into
one Transwell chamber and the CN3718
etx null mutant (JIR4982) was inoculated
intotheotherTranswellchamber(Fig.4).
These physical complementation results
strongly suggested that toxin regulation
by the agr operon involves a secreted fac-
torproducedbytheCN3718etxnullmu-
tant, which can diffuse to the medium
and function as a signal for the CN3718::
agrB mutant to produce ETX, consistent with a QS effect.
The agr operon regulates CN3718 cytotoxicity for MDCK
cells. Since the toxins produced by CN3718 are rapidly upregu-
FIG 2 AgrB positively regulates toxin production by CN3718 in vitro. (A) Western blot analyses of
ETX production by wild-type CN3718 (WT), the isogenic agrB null mutant (CN3718::agrB), or the
complementedstrain[CN3718::agrB(p3)]at4hor8h.(B)QuantitativeanalysisofETXproductionby
the wild type, agrB mutant, or complemented strain at4ho r8hi nT G Ycultures. Shown are mean
values  standard deviations (SD) for two repetitions. (C) RT-PCR analyses for etx or polC gene
expressionbythewildtype,agrBmutant,orthecomplementedstrainin3-hTGYcultures.Asindicated,
reverse transcriptase (RT) was () or was not () added to the reaction tubes. (D) Comparison of
growth characteristics of wild-type CN3718, the agrB mutant, and the complemented strain. The
optical density (OD600) of each strain growing in TGY medium was measured using a Bio-Rad Smart-
spec spectrophometer. Shown are representative results from two similar repetitions. (E) CPA activity
detectedusinganeggyolkagarplate.Wild-typeCN3718andthecomplementedstrain,butnottheagrB
mutant,showedacharacteristicCPA-inducedprecipitationzonesurroundingcoloniesoneggyolkagar
plates. (F) PFO activity detected on sheep blood agar plates. Colonies of the wild-type and comple-
mentedstrain,butnottheagrBmutant,weresurroundedbytheinnerzoneofbeta-hemolysisindicative
of PFO activity. (G) Western blot analysis of CPA production by the wild type, agrB mutant, and
complemented strain after overnight growth in TGY medium. The molecular mass is indicated on the
left.PuriﬁedCPAwasalsoincludedascontrol.(H)WesternblotanalysesofPFOproductionbythewild
type,agrBmutant,orthecomplementedstrainafterovernightgrowthinTGYmedium.Themolecular
mass is indicated on the left. Puriﬁed PFO was also included as control.
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Caco-2 cells (Fig. 3A and B), an experiment was performed to
investigate whether the rapid host cell-induced stimulation of
toxinproductionbyCN3718hascytotoxicconsequences.Forthis
experiment,aninvitrocellculturemodelwasdevelopedtomimic
type D enteric disease, where C. perfringens contacts enterocytes
andproducestoxinsthatarethenabsorbedintothecirculationto
damage nonintestinal internal organs, such as the kidneys or
brain. In our in vitro model of type D disease, enterocyte-like
Caco-2cells(whicharenaturallyETXinsensitive)wereanaerobi-
cally infected with wild-type CN3718, the isogenic CN3718::agrB
null mutant, or the CN3718::agrB(p3) complemented strain for
2 h. Supernatants from those infected cultures were collected and
ﬁltersterilized,andthesterilesupernatantswerethentreatedwith
trypsin to activate the ETX prototoxin, as would occur in the in-
testines during natural disease. The trypsin-treated ETX in these
samples produced a slightly lower-molecular-mass (~30-kDa)
ETX species on Western blots than did non-trypsin-treated ETX
(data not shown), conﬁrming that trypsin-induced cleavage of
ETX had occurred.
The trypsin-activated supernatants were then applied to
MDCK cells for 2 h, mimicking enterotoxemic effects of type D
infection on the kidney (Fig. 5A). Under these conditions, the
activated supernatants from the wild-type strain caused morpho-
logical changes, including rounding and swelling of the MDCK
cells. On prolonged incubation, detachment of cells from the cell
culturedishwasalsoobserved.Thisdamagecouldbeinhibitedby
pretreating these supernatants with an ETX-neutralizing mono-
clonal antibody (MAb), conﬁrming the involvement of ETX in
this cytotoxicity. In contrast, the activated supernatants from the
agrBnullmutantcausedlittleornodetectabledamage;thislossof
cytotoxicity was reversible by complementation of the mutant
with a wild-type agr operon.
Lactate dehydrogenase (LDH) release from damaged or de-
stroyed cells was then measured to quantify cytotoxicity with this
model (Fig. 5B). Rates of cell death caused by the wild-type and
CN3718::agrB(p3) complemented strain were similarly high. In
contrast, there was signiﬁcantly less cytotoxicity caused by the
agrB null mutant. When the sterile supernatants were preincu-
bated with an ETX-neutralizing MAb, cytotoxicity caused by the
wild-type or complemented strains decreased signiﬁcantly, con-
ﬁrmingasubstantialroleforETXinthecytotoxicactivityofthese
supernatants.
FIG 3 Upregulated ETX production by CN3718 during infection of human
intestinalCaco-2cellsinvolvesAgrB.(A)ETXproductionisupregulatedwhen
CN3718 contacts Caco-2 cells. Cell culture dishes containing MEM (no cells)
orCaco-2cellswereinfectedfor1hor2hwith1.5107CFUofCN3718,the
CN3718::agrB isogenic agrB null mutant, or the CN3718::agrB(p3) comple-
mentedstrainat37°Cunderanaerobicconditions.Culturesupernatantswere
then removed and subjected to Western blotting using an ETX MAb. Puriﬁed
33-kDa ETX was also included as a control. (B and C) Evidence that Caco-2
cell-induced upregulation of ETX production by wild-type CN3718 does not
involve Caco-2 cell-secreted factors. (B) Fresh MEM (Caco-2  f-MEM) or
ﬁlter-sterilizedMEMremovedfrom4-day-oldCaco-2cellcultures(Caco-2
o-MEM)wasaddedtoadishofconﬂuentCaco-2cellsbeforeinfectionfor2h
with CN3718. As negative controls, only fresh MEM (f-MEM) or ﬁlter-
sterilized MEM removed from 4-day old Caco-2 cell cultures (o-MEM) was
added to CN3718 cells in the absence of Caco-2 cells. Culture supernatants
were then removed and subjected to ETX Western blotting. (C) Prior to ETX
Western blotting, washed CN3718 cells were suspended for2hi nﬁlter-
sterilizedMEMculturesupernatantsremovedfromCaco-2cellsthathadbeen
infected for 5 h with wild-type CN3718 (Caco-2  f-MEM), ﬁlter-sterilized
MEM culture supernatants removed from Caco-2 cells that had been infected
for 5 h in CN3718::agrB (MEM of Caco-2/CN3718::agrB), MEM culture su-
pernatantsremovedfromCaco-2cellsgrownfor5hintheabsenceofbacteria
(MEM of Caco-2), and ﬁlter-sterilized MEM culture supernatants removed
fromCN3718::agrBthathadbeengrownintheabsenceofCaco-2cells(MEM
of CN3718::agrB). All cultures were incubated anaerobically.
FIG4 Theagrquorum-sensingsystemusesadiffusiblesignalingmoleculeto
controlCN3718toxinproduction.Attwotimepoints(3.5hand5h),samples
were collected from the indicated Transwell chambers for ETX Western blot
detection. The bottom panel shows a schematic diagram for the different
C. perfringens strains inoculated into each chamber of the Transwell plate.
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regulates the ability of CN3718 to produce PFO and CPA, but
not ETX. The VirS/VirR two-component regulatory system pos-
itively controls production of several toxins by C. perfringens type
Astrains(17,18,25).ToaddresswhethertheVirS/VirRregulatory
systemmightalsobeinvolvedinregulatingtoxinproductionbya
type D isolate, a CN3718 virR mutant (named CN3718::virR) was
constructed using the Escherichia coli-based suicide plasmid
pKOR (17) and conﬁrmed by PCR (Fig. 6A). As shown by West-
ernblottingusingananti-VirRantibody,theVirRproteinwasnot
produced by CN3718::virR. In contrast, this analysis detected
VirR production by wild-type CN3718 (Fig. 6B). To complement
CN3718::virR,pTS405(containingthewholevirR-Soperon[26])
was transformed into the CN3718 virR null mutant by electropo-
ration to create CN3718::virR(pTS405). Western blotting con-
ﬁrmed VirR protein expression by this complemented strain
(Fig. 6B). Growth rates of the wild-type parent, virR null mutant,
andCN3718::virR(pTS405)complementedstrainwerecompared
in TGY medium and were found to be nearly identical (Fig. 6C).
TobeginevaluatingwhetherVirS/VirRcanregulatetoxinpro-
duction in CN3718, the wild-type, CN3718::virR mutant, and
VirS/VirR complemented strain were each streaked onto sheep
blood agar plates. Colonies of wild-type CN3718 and the
CN3718::virR(pTS405) complemented strain, but not the
CN3718::virR mutant, were surrounded by an inner zone of beta-
hemolysis indicative of PFO production (Fig. 7A). Western blot
FIG 5 Cytotoxic activities of trypsin-activated supernatants from agrB and virR null mutants. (A) Morphological damage to MDCK cells induced by infection
with 1.5  107 CFU of wild-type CN3718, the agrB mutant, or the complemented strain. Each strain was cocultured with Caco-2 cells for 2 h. The supernatants
werecollectedandconcentrated10beforeactivationbytrypsin.Afterblockageoftrypsinactivitywithtrypsininhibitor,theactivatedsupernatantswereapplied
for2htoMDCKcells.Cultureswerethenvisualizedbymicroscopyandphotographed.ThesamplesshownincludeMDCKcellstreatedwithactivated,puriﬁed
ETX as a positive control (panel A), MDCK cells treated with activated Caco-2 culture supernatants after the indicated infection (panels B to D), MDCK cells
treated with PBS as a negative control (panel E), and MDCK cells treated with the speciﬁed activated Caco-2 culture supernatants after those supernatants had
been preincubated with ETX MAb for 15 min before their addition to MDCK cells (panels F to H). (B) Quantitative MDCK cytotoxicity (measured by LDH
release)oftheactivatedCaco-2cellsupernatantsafterthespeciﬁedinfectionswith1.5107CFU.Theerrorbarsshownrepresentthestandarderrorofthemean
calculated from three independent experiments. (C) Each C. perfringens strain indicated (1.5  107 CFU) was cocultured with Caco-2 cells for 2 h. The
supernatantswereconcentrated10beforeactivationbytrypsin.Afterblockageoftrypsinactivitywithtrypsininhibitor,theactivatedsupernatantswereapplied
for2htoMDCKcells.Cultureswerethenvisualizedbymicroscopyandphotographed.ThesamplesshownincludeMDCKcellstreatedwithactivated,puriﬁed
ETX as a positive control (panel A), MDCK cells treated with the speciﬁed activated Caco-2 culture supernatants obtained after the indicated infection (panels
BtoD),MDCKcellstreatedwithPBSasanegativecontrol(panelE),andMDCKcellstreatedwiththespeciﬁedactivatedCaco-2culturesupernatantsafterthose
supernatants had been preincubated with ETX MAb for 15 min before being added to MDCK cells (panels F to H). (D) Quantitative MDCK cytotoxicity
(measuredbyLDHrelease)oftheactivatedCaco-2cellsupernatantsafterthespeciﬁedinfectionswith1.5107CFU.Theerrorbarsrepresentthestandarderror
of the mean calculated from three independent experiments.
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mutant was absent, while wild-type CN3718 produced PFO
(Fig. 7B). When VirR expression was restored by complementa-
tion, PFO production was also restored (Fig. 7B).
Whengrownoneggyolkagarplates,coloniesofboththewild-
type parent and the CN3718::virR(pTS405) complemented strain
were surrounded by the precipitation zone, indicative of lecithin
breakdownduetothephospholipaseCactivityofCPA(21,22).In
contrast,theCN3718::virRmutantproducedamuchsmallerhalo
zonearounditscolonieswhengrowingonthismedium(Fig.7C).
ThisresultdemonstratedthattheVirS/VirRtwo-componentreg-
ulatory system only partially regulates CPA production by
CN3718. When TGY culture samples were subjected to Western
blot analysis, the results directly demonstrated that CPA produc-
tion was decreased compared to that of wild-type CN3718 or the
CN3718::virR(pTS405) complemented strain (Fig. 7D).
To evaluate whether the VirS/VirR two-component regu-
latory system can positively regulate ETX production, Western
blotanalyseswereperformedtoevaluateETXproductionbywild-
type CN3718, the CN3718::virR mutant, and the CN3718::
virR(pTS405) complemented strain. Surprisingly, silencing of
VirR protein production in the CN3718::virR mutant had no ef-
fectonETXexpressioncomparedtothewild-typeandVirRcom-
plemented strains (Fig. 7E).
Previous studies (24, 27) had shown that the positive regula-
tion of PFO and NetB production, as well as all directly VirR-
regulated genes (28), by the VirS/VirR two-component system in
C. perfringens type A strains involves virR boxes, which are two
imperfect 12-bp directly repeated sequences located upstream of
suchgenes.However,whentheregionupstreamoftheetxgenein
CN3718 was sequenced and subjected to bioinformatics analysis,
no obvious virR box sequence was identiﬁed.
MDCKcellcytotoxicityofthevirRmutant.Asdescribedear-
lier in this study using the agrB mutant, sterile supernatants from
Caco-2 cell cultures infected with wild-type CN3718, the
CN3718::virRnullmutant,ortheCN3718::virR(pTS405)comple-
mented strain were collected and then treated with trypsin to ac-
tivate ETX. After inactivation of trypsin, these supernatants were
tested in our MDCK cytotoxicity assay to evaluate whether
trypsin-activated supernatants from the virR null mutant have
similar cytopathic effects to the activated wild-type supernatants.
Observation of morphological changes by microscopic examina-
tion revealed that the activated supernatants from the virR null
mutant can still clearly damage MDCK cells, similar to the effects
caused by activated supernatants from the wild-type CN3718 and
the virS/virR complemented strain (Fig. 5C). This damage in-
volves ETX production since preincubating any of these activated
supernatants with an ETX-neutralizing MAb blocked the devel-
opment of cytotoxicity (Fig. 5C).
AnLDHreleaseassaythenconﬁrmedthattherewerenoquan-
titative differences in MDCK cytotoxicity between the activated
supernatantsofCN3718,theisogenicvirRmutant,orthecomple-
mented strain (Fig. 5D). The LDH release induced from MDCK
cellsbytheseactivatedsupernatantsinvolvesETXsincethiseffect
was blocked by preincubation of any of these activated superna-
tants with an ETX-neutralizing MAb (Fig. 5D).
DISCUSSION
C. perfringens type B or D strains cause enteritis or enterotox-
emias, both of which start with the presence of vegetative bacteria
in the intestines, where they contact host enterocytes (1). Recent
in vitro studies showed that C. perfringens type C vegetative cells,
whichalsocausediseasewhenpresentintheintestines,upregulate
their production of beta-toxin (CPB) when those bacteria en-
counter cultured enterocyte-like Caco-2 cells (25). Since type C
strainsdonotproduceETX,thepresentstudyperformedasimilar
analysis using a type D strain and found that the ETX-producing
strainCN3718substantiallyupregulateditsETXproductionupon
encountering Caco-2 cells. These results suggest that, during in
vivo disease, ETX-producing strains like CN3718 could sense the
presenceofhostcellsandthenrespondbyupregulatingtheirETX
production to facilitate the pathogenesis of infections such as en-
terotoxemia and enteritis, which involves bacterial production of
ETX in the intestines.
The present work has identiﬁed the agr locus as the ﬁrst regu-
lator that can control ETX production. When the agrB gene in
CN3718wasdisrupted,theresultantisogenicnullmutantfailedto
produce ETX in broth culture due to impaired etx transcription.
Consistent with previous studies analyzing C. perfringens type A
strain13(13,14),theCN3718agrBmutantalsoproducedsharply
reduced amounts of PFO and CPA during growth in broth cul-
ture. Complementation of the CN3718 agrB mutant restored
nearlywild-typelevelsoftoxinproduction,includingETX,during
growthinbrothcultures.TheagrBnullmutantwasalsounableto
upregulate its ETX production upon close contact with Caco-2
cells, and this defect was completely reversible by complementa-
tion with the wild-type agr operon, indicating it was not attribut-
FIG 6 Construction of a CN3718 virR null mutant. (A) PCR was performed
using virR gene primers and genomic DNA. Using DNA from the wild-type
CN3718, a 600-bp virR gene product was ampliﬁed. However, larger bands
were ampliﬁed from the CN3718::virR null mutant because the pKOR mu-
tagenesis vector (6 kb) had inserted into the virR ORF by homologous recom-
bination. (B) Western blot analyses of VirR expression by wild-type CN3718,
thevirRnullmutant,orCN3718::virR(pTS405),theVirS/VirRcomplemented
strain. (C) Growth comparison of wild-type CN3718, the virR null mutant,
andthecomplementedstrain.Theopticaldensity(OD600)ofeachstraingrow-
ing in TGY medium was measured using a Bio-Rad Smartspec spectrophom-
eter. Shown are representative results from two similar repetitions.
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operon to control ETX production by CN3718 was shown to in-
volve a diffusible signal, consistent with a QS effect. Collectively,
these in vitro results suggest the agr operon, apparently acting via
a QS effect, might function as an important regulator of ETX
productionduringnaturaldiseasecausedbyisolateslikeCN3718,
which are in contact with host enterocytes.
It has now been shown that the agr operon, apparently acting
by a QS effect since it involves a secreted signal, can positively
regulate the production of many C. perfringens toxins, including
ETX, PFO, CPA, beta2-toxin, and CPE (13, 14, 16). Thus, there is
increasingevidencethattheAgr-likeQSsystemisaglobalregula-
tor of C. perfringens toxin production. Agr-mediated control of
clostridialtoxinproductionisnotrestrictedtoC.perfringenssince
this QS system has also been implicated in positive control of
botulinum toxin production by C. botulinum (29). Since toxins
playacriticalroleinnumerousclostridialinfections,theapparent
ability of the Agr-like QS system to regulate production of such
different toxins suggests this QS system could be a master viru-
lenceregulatorforseveralpathogenicclostridialspecies.Theabil-
ityoftheAgr-likeQSsystemtoregulateproductionofmanyclos-
tridial toxins also suggests that this QS system could represent a
potential target for therapeutic development.
Thereappeartobeimportantdifferencesbetweentheagroper-
ons in S. aureus and C. perfringens. Most notably, due to the ab-
sence of orthologs of the AgrA/AgrC two-component regulatory
system in the agr operon of C. perfringens, it has been suggested
that the Agr-like QS system of C. perfringens works through an-
other two-component regulatory system, namely, the VirS/VirR
system (13). Consistent with this possibility, other studies have
shownthatproductionofPFO,CPA,andbeta2-toxinisunderthe
complete or partial positive control of
boththeAgr-likeQSsystemandtheVirS/
VirR two-component regulatory system
(14, 16, 17, 19, 24, 30–32).
In contrast, the present study found
that vegetative cells of type D strain
CN3718 still made wild-type levels of
ETX after inactivation of the virS-R
operon. This continued ETX production
was not explainable by a failure to in-
activate virS and virR genes during in-
sertional mutagenesis since Western
blotting conﬁrmed the loss of VirR ex-
pression by the virR null mutant and this
regulatory effect was reversible by com-
plementation with the wild-type virS-R
operon. Also supporting successful inac-
tivation of the virS-R operon in the
CN3718 virR null mutant are this strain’s
inability to produce PFO and its reduced
production of CPA, which is fully con-
sistent with previous reports that PFO
production and CPA production are
completelyorpartially(respectively)con-
trolled by the VirS/VirR two-component
system (17, 24). Nor was the continued
productionofwild-typeETXlevelsbythe
virR mutant due to reversion of the virR
mutation based upon Western blotting
results (data not shown), which using the same overnight culture
supernatant,detectedvirtuallynoPFOproduction,butwild-type
levels of ETX production, by the virR mutant.
Thus, the ﬁnding that CN3718 still produces agr locus-
regulated ETX in the absence of a functional VirS/VirR two-
component system appears to conﬂict with the recent hypothesis
(13)proposingthatAgrQS-mediatedregulationoftoxinproduc-
tion involves the VirS/VirR two-component regulatory system.
One possibility is that another two-component regulatory system
can also regulate ETX production by CN3718 in a redundant
manner. Alternatively, ETX production by this strain may be
completelyVirS/VirRindependent,possiblyinvolvinginsteadan-
other of the ~20 two-component regulatory systems present in
C.perfringens(33,34).Consistentwiththatsecondpossibility,no
virR boxes were detected upstream of the etx gene in CN3718.
However, some C. perfringens genes lacking virR boxes are still
indirectly regulated by VirS/VirR via a regulatory RNA named
VR-RNA(31),sotheabsenceofdetectablevirRboxesupstreamof
the etx gene in CN3718 could still be compatible with the redun-
dantregulationofETXexpressionbybothVirS/VirRandanother
two-componentregulatorysystem.Thecurrentdemonstrationof
wild-type levels of ETX production by the isogenic virR null mu-
tant of CN3718 may suggest that future studies examining the
involvement of other C. perfringens two-component systems in
ETX regulation are warranted. In addition, it will be important to
explore toxin regulation in other ETX-producing strains, includ-
ing type B strains.
MATERIALS AND METHODS
Strains, media, and culture conditions. C. perfringens type D strain
CN3718, which can produce CPA, PFO, and ETX, is an animal disease
FIG7 VirRpositivelyregulatestheinvitroproductionofCPAandPFO,butnotETX,byCN3718.(A)PFO
activitydetectiononsheepbloodagarplates.Coloniesofthewild-typeandCN3718::virR(pTS405)comple-
mented strain, but not the CN3718::virR null mutant, are surrounded by an inner zone of PFO-induced
beta-hemolysis. (B) Western blot analysis of PFO production by the wild-type, virR null mutant, or com-
plemented strain grown overnight in TGY medium. (C) CPA activity detection on egg yolk agar plate. The
wild-type or complementing strain, but not the virR null mutant, showed characteristic CPA-induced pre-
cipitationsurroundingtheircolonieswhengrowingoneggyolkagarplates.(D)WesternblotanalysisofCPA
productionbythewild-type,virRnullmutant,andcomplementedstraingrownovernightinTGYmedium.
(E) Western blot analyses of ETX production by wild-type CN3718, the virR null mutant, and the comple-
menting strain after4ho fgrowth in TGY.
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hadbeenprovidedbyRussellWilkinson(UniversityofMelbourne).Con-
struction and characterization of the CN3718 etx null mutant (JIR4982)
wereperformedasreportedpreviously(35).Foruse,acooked-meat-stock
cultureofthesestrainswasﬁrststreakedontoaShahidi-Fergusonperfrin-
gens (SFP) agar plate and then grown overnight at 37°C under anaerobic
conditions.Bacterialculturemediausedinthisstudyincludedﬂuidthio-
glycolatemedium(FTG)(DifcoLaboratories),TGY(3%trypticsoybroth
[Becton-Dickinson], 2% glucose [Sigma Aldrich], 1% yeast extract
[Becton-Dickinson], and 0.1% sodium thioglycolate [Sigma Aldrich]),
tryptose-sulﬁte-cycloserine (TSC) agar medium (SFP agar [Difco Labo-
ratories], supplemented with 0.04% of D-cycloserine [Sigma Aldrich]),
and brain heart infusion (BHI) agar (Becton-Dickinson). When indi-
cated, tetracycline (Tet; 2.5 g/ml) or chloramphenicol (Cm; 15 g/ml)
was added to the culture medium.
SequencingoftheCN3718agrlocusandtheregionupstreamofthe
etx gene. DNA was puriﬁed from CN3718 using the MasterPure Gram-
positive DNA puriﬁcation kit (Epicentre Biotechnologies, Madison, WI).
PCR was then performed on this DNA using previously described ampli-
ﬁcation conditions with primers designed using the strain 13 agr locus
sequences. The ~2.9-kb PCR product ampliﬁed from CN3718 DNA was
then sequenced by Genewiz, Inc. (South Plainﬁeld, NJ).
To evaluate whether virR boxes are present, DNA sequences located
0.8 kb upstream of the etx gene were ampliﬁed by PCR under the same
conditions used for amplifying the agr locus, except with two different
primers (VirSeq1F [5=-CCTTATTCACTTGTAATGCGTGTCCC-3=]
and VirSeq1R [5=-ATATCACGCTGATGCGAT-TGCTAAA-3=]). The
PCR product was then sequenced by Genewiz, Inc., and the resultant
CN3718 etx upstream sequence was deposited in GenBank.
Construction of a CN3718 agrB null mutant. The previously con-
structed, agrB-targeted intron donor plasmid pJIR750agrBi (16), which
speciﬁes insertion (in a sense orientation) of a group II intron between
agrB nucleotides 566 and 567, was used to inactivate the chromosomal
agrB gene of CN3718. After pJIR750agrBi was electroporated into wild-
type CN3718, transformants were selected on BHI agar plates containing
15 g/ml of chloramphenicol.
PutativeagrBnullmutantswerethenscreenedbyPCRusingtheprim-
ers AgrBKO-F and AgrBKO-R (16). PCRs were performed in a Techne
(Burkhardtsdorf, Germany) thermocycler using the following PCR am-
pliﬁcation conditions: 94°C for 5 min, followed by 35 cycles of 94°C for
30 s, 55°C for 30 s, and 68°C for 2 min, followed by a 10-min extension at
68°C. PCR products were electrophoresed on a 1% gel and stained with
ethidium bromide for visualization. The conﬁrmed mutant carrying an
introninsertionintheagrBgenewasthengrowninFTGmediumwithout
antibioticsandsubcultureddailyfor~10daystocuretheintron-carrying
donorplasmidpJIR750agrBi.Curingwasinitiallyshownbysusceptibility
to chloramphenicol and then conﬁrmed by Southern blotting, which
demonstrated the presence of a single intron in the mutant, named
CN3718::agrB.
To complement the CN3718::agrB null mutant strain, a previously
constructed E. coli-C. perfringens shuttle plasmid, CPJVp3 (14), which
contained the wild-type agr operon, was introduced into the CN3718::
agrBnullmutantstrainbyelectroporation.Thiscomplementedstrainwas
named CN3718::agrB(p3).
Inactivation of the virR gene in CN3718. To inactivate the virR gene
in CN3718, the E. coli-based, C. perfringens suicide plasmid pKOR (17)
was used. This vector, which contains an ~590-bp fragment of the virR
gene upstream of a tetracycline resistance gene, was transformed into
CN3718 by electroporation. Transformants were selected on BHI agar
plates containing tetracycline (2.5 g/ml). Several tetracycline-resistant
colonies were observed on the plates, and their identity as virR mutants
was conﬁrmed by PCR and Western blotting.
To construct a VirR/VirS complementing strain, the previously con-
structed E. coli-C. perfringens shuttle vector pTS405 (26), encoding the
virR-S operon, was electroporated into the virR null mutant strain, and
transformants were then selected on BHI-Cm plates.
Southern blot assay. The Southern blotting procedure used in this
study was described previously (16, 21). Brieﬂy, C. perfringens genomic
DNA from wild-type CN3718, the agrB or virR null mutants, or the com-
plementing strains was extracted using the MasterPure Gram-positive
DNApuriﬁcationkit(EpicentreBiotechnologies).ThepuriﬁedDNAwas
then digested with EcoRI (New England Biolabs) and separated by elec-
trophoresis on a 0.8% agarose gel. The DNA in the gel was transferred to
a positively charged nylon membrane (Roche) and then probed with a
digoxigenin (DIG)-labeled probe speciﬁc for the intron sequence. This
probewaspreparedusingtheprimerpairAgrB-IBSandAgrB-EBS1d(16)
and then DIG labeled with a DIG labeling kit obtained from Roche Ap-
plied Science. CSPD substrate (Roche Applied Science) was used for de-
tection of probe hybridization according to the manufacturer’s instruc-
tions.
Westernimmunoblotassay.Eachsamplewasmixedwith5loading
buffer and electrophoresed on an SDS-containing, 12% polyacrylamide
gel. The separated proteins were then transferred onto a nitrocellulose
membrane, and the blot was incubated for 1 h with blot washing buffer
(20 mM Tris-HCl [pH 8.0], 0.3 M NaCl, 0.5% [vol/vol] Tween 20) con-
taining 5% (wt/vol) nonfat dry milk before incubation with primary an-
tibody overnight at 4°C. The toxin antibodies used in these analyses have
been described previously (3, 14, 16). Blots were then washed three times
with Tris buffer and incubated with goat anti-mouse–horseradish perox-
idase(HRP)oranti-rabbit–HRPfor1hatroomtemperature.Afterthree
more washes, the blots were treated with the ECL (enhanced chemilumi-
nescence) Western blotting detection kit (Amersham) and exposed to
X-ray ﬁlm (Life Science Products) to detect the immunoreactive protein
bands.
ToquantifyETXsecretionlevelsatdifferenttimepoints,C.perfringens
TGY culture supernatant samples and a range of puriﬁed ETX standards
(31.25, 62.5, 125, 187.5, 250, and 312.5 ng) were run on an SDS-
containing,12%polyacrylamidegelandthenWesternblotted.Thoseim-
munoblotswerequantiﬁedusingascanningdensitometerinconjunction
with NIH ImageJ software.
RT-PCR. Total RNA was extracted from C. perfringens cultures ac-
cordingtoapreviouslydescribedprocedure(16).Brieﬂy,2mlof3-hTGY
C.perfringenscultureswascentrifugedat4°C.Thepelletwasresuspended
in200lofacetatesolution(20mMsodiumacetate[pH5],1mMEDTA,
0.5% sodium dodecyl sulfate [SDS; Bio-Rad]). That suspension then re-
ceived 200 l of saturated phenol (Fisher Scientiﬁc), and the mixture was
thoroughly resuspended before incubation at 60°C in a water bath with
vigorous shaking for 5 min. After centrifugation at 4°C for 5 min, the
nucleic acid-containing supernatant received cold ethanol, and the sam-
ple was mixed well. The mixed sample was then centrifuged at 4°C for
5mintoobtaintheRNApellet.Thispelletwaswashedtwotimeswithcold
70%ethanolandﬁnallyresuspendedin100lofDNase-free,RNase-free
water. All RNA samples were additionally treated with2Uo fDNase I
(Promega)at37°Cfor30min.TostopDNaseIactivity,DNaseIinhibitor
(Promega) was added to each reaction tube. RNA was quantiﬁed by ab-
sorbance at 260 nm and stored at 80°C.
RT-PCRwasperformedusingtheAccessQuickRT-PCRsystem(Pro-
mega).Brieﬂy,theRT-PCRmixture(25l)containedthefollowingcom-
ponents: 50 ng of each RNA sample, 20 pmol each of the forward and
reverse primers, and1Uo freverse transcriptase. cDNA synthesis was
conducted at 45°C for 45 min. The following cycle conditions were used
for PCR: 30 s at 94°C, 30 s at 55°C, and 60 s at 72°C for extension. A DNA
polymerase III (polC) housekeeping gene served as an internal control to
normalize the expression levels between samples.
Cell culture. Human-derived, enterocyte-like Caco-2 cells were rou-
tinely maintained in minimal essential Eagle’s medium (MEM) (Sigma)
containing10%fetalbovineserum(FBS;LifeTechnologies),1%minimal
essential medium with nonessential amino acids (Sigma), 100 U/ml of
penicillin, and 100 g/ml of streptomycin. Madin-Darby canine kidney
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Eagle’s medium (DMEM) (Sigma) and Ham’s F-12 (Sigma) supple-
mentedwithheat-inactivated3%fetalcalfserum(FCS),1%nonessential
amino acids, 1% glutamine, penicillin (100 U/ml), and streptomycin
(100 g/ml). Each cell line was normally harvested with 0.25% trypsin
(Gibco), resuspended in the cell culture medium, and maintained in a
humidiﬁed incubator at 37°C in 5% CO2.
C.perfringensinfectionofCaco-2cellcultures.Forinvitroinfection
experiments, Caco-2 cells were routinely cultured (4 to 5 days) in MEM
untilreachingconﬂuenceineither100-mmtissuecultureplateor12-well
microplates. Caco-2 cells were then washed 3 times with prewarmed
phosphate-buffered saline (PBS [pH 7.4]). The washed cells were incu-
bated in serum-free and antibiotic-free MEM before C. perfringens infec-
tion. As a control, the same volume of serum-free and antibiotic-free
MEM (no Caco-2 cells included) was added to the microplate wells.
For some experiments, overnight cultures of wild-type CN3718, the
isogenic agrB null mutant, or the complemented strain were pelleted and
washed three times with prewarmed PBS. Caco-2 cells were infected with
the washed C. perfringens cells in cell culture medium at a multiplicity of
infection (MOI) of 20 bacteria per cell and then incubated for the indi-
cated times at 37°C under anaerobic conditions using an anerobic pouch
with the GasPak EZ anaerobe container system (BD, Franklin Lakes, NJ).
Afterthatchallenge,theinfectedsupernatantswerecollected,centrifuged
at 4°C for 30 min, and analyzed by Western blotting for ETX levels using
a mouse monoclonal anti-ETX antibody.
To further assess whether the upregulation of ETX noted in the above
experiments (see Results) was caused by secreted factors, overnight cul-
tures of CN3718 were pelleted and washed three times with prewarmed
PBS. Those washed CN3718 cells were then resuspended in one of the
following: (i) ﬁlter-sterilized serum- and antibiotic-free MEM superna-
tants removed from Caco-2 cell cultures that had been infected with the
CN3718 agrB mutant for 5 h, (ii) ﬁlter-sterilized serum- and antibiotic-
free MEM supernatants removed from noninfected Caco-2 cells that had
been grown for 5 h, or (iii) ﬁlter-sterilized serum- and antibiotic-free
MEMsupernatantsthathadbeenremovedfromtheCN3718agrBmutant
(no Caco-2 cells) grown for 5 h. All incubations were performed under
anaerobic conditions.
Cytotoxicity of C. perfringens type D strains. (i) Visualization of
morphological damage. To evaluate the cytotoxic consequences of the
toxin upregulation detected upon contact of a type D strain with Caco-2
cells (see Results), Caco-2 cell cultures were ﬁrst challenged with washed
cellsofwild-typeCN3718,theagrBnullmutant,ortheCN3718::agrB(p3)
complemented strain. After a 2-h anaerobic infection at 37°C, the culture
supernatants were removed and ﬁlter sterilized using a 0.22-m ﬁlter
(Millipore). Those sterile supernatants, containing secreted proteins,
were concentrated 10 using an Amicon Ultra-4 10K device. To activate
the epsilon prototoxin present in the supernatants, the concentrated su-
pernatantsweretreatedwithtrypsin(SigmaAldrich)ataconcentrationof
12.5 g/ml at 37°C for 1 h. The trypsin was then inactivated by adding an
equal volume of trypsin inhibitor (Sigma Aldrich) at room temperature
for 30 min. After centrifugation, the activated supernatants were applied
to MDCK cells.
To verify that upregulation of ETX production by the Agr-like QS
system was involved in causing any observed MDCK cell damage, a sero-
neutralization approach was applied. Brieﬂy, a neutralizing MAb against
ETX was added to the trypsin-activated supernatants, and the superna-
tants were then incubated at room temperature for 15 min.
After a 2-h treatment, the cytopathic effects caused by the toxin were
analyzed in terms of morphological changes. Control or damaged cells
werephotographedusingaCanonPowershotG5ﬁttedtotheZeissAxio-
vert 25 microscope, and images were processed using Adobe Photoshop
8.0.
(ii) Evaluation of MDCK cytotoxic effects. A lactate dehydrogenase
(LDH)releaseassaykit(Invitrogen)formammaliancelldeathwasusedto
assess the involvement of the Agr-like QS system or VirR/VirS two-
component regulatory system in CN3718-induced MDCK cell cytotoxic-
ity. The assay was performed as described by the supplier, after treatment
of MDCK monolayers for2ha t37°C with trypsin-activated Caco-2 cell
supernatants, prepared as described above. The absorbance of each sam-
ple was measured at 490 nm with an iMark microplate reader (Bio-Rad).
TheresultsareexpressedasthepercentageofLDHreleaseversusthetotal
LDH present in cells.
Analysisofcrosstalksignaling.Wild-typeCN3718,apreviouslypre-
pared etx null mutant (35), and the agrB null mutant were each grown in
TGY broth at 37°C overnight. All strains were centrifuged at 4°C, and the
pelletswerewashed3timeswithwarmedPBS.Afterresuspensioninfresh
TGYmedium,thewashedbacterialcellswereseeded,asspeciﬁed,intothe
top or bottom chambers of Transwell plates (0.4 m pore size; Corning).
The ratio of agrB null mutant to etx null mutant inoculated into the
chambers in this cross talk experiment was 1:3. After a 3.5- or 5-h incu-
bation, the supernatants were collected and subjected to Western blot
analysis using anti-ETX MAb.
Nucleotidesequenceaccessionnumber.ThesequenceoftheCN3718
agr locus has been deposited in GenBank under accession no. JN543538.
The CN3718 etx upstream sequence has been deposited in GenBank un-
der accession no. JN543539.
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